Background: Heparan sulfate colocalizes with amyloid-␤ in senile plaques of Alzheimer disease. Results: Overexpression of the heparan sulfate-degrading enzyme (heparanase) lowers the amyloid burden in a transgenic mouse model of Alzheimer disease. Conclusion: Heparan sulfate modulates amyloid-␤ deposition. Significance: We present the first direct in vivo proof that heparan sulfate actively participates in senile plaque formation.
Alzheimer disease (AD), 5 the most common dementia disorder, is characterized clinically by progressive memory and planning deficits together with reduced spatial orientation and logical thinking as well as behavioral changes. Neuropathologically, there are macroscopic atrophy and microscopic lesions like neurofibrillary tangles, amyloid-␤ (A␤) immunoreactive senile plaques, and cerebral amyloid angiopathy (CAA). A␤ deposits of AD also contain accessory molecules such as heparan sulfate (HS), serum amyloid-P component, apolipoprotein E, and ␣ 1 -antichymotrypsin. However, the functional role of HS in AD pathogenesis is not yet fully resolved (1, 2) . HS and HS proteoglycans (HSPGs) colocalize particularly with mature A␤ deposits in the AD brain and animal models thereof (3) (4) (5) (6) (7) . The conformation and fibrillar state of A␤ influences its molecular interaction with the HS-like molecule heparin (8) , a highly sulfated glycosaminoglycan that is commonly used in vitro as a model for HS. HS/HSPGs and heparin have been found to alter amyloid-␤ precursor protein (A␤PP) processing (9 -11) and to increase A␤ aggregation (12, 13) . Although substantial evidence points to an important role of HS in A␤ deposition in the brain, the majority of the available information has been obtained by invasive in vivo experiments (14, 15) or in vitro studies (10 -12) . The potential, specific role and effect of HS on A␤ deposition in the brain under native conditions remain to be fully established.
Proteoglycans consist of a core protein with covalently attached glycosaminoglycan side chains (e.g. HS and chondroitin sulfate). HSPGs are ubiquitously expressed in mammalian cells and localized mainly in the extracellular matrix (perlecan, type XVIII collagen, and agrin) and plasma membrane (syndecans and glypicans). The HS side chains of HSPGs are linear polysaccharides with alternating N-acetylated or N-sulfated glucosamines and hexauronic acids (16) . Alternating side chain lengths and sulfation patterns generate an immense structural variability among HSPGs, even within the same subtype (17) . Because of their negative charge (18) , HS side chains can immobilize various ligands (e.g. growth factors), change their conformation, present them to a signaling receptor, or modify the interaction with their specific receptors. Therefore, receptor activation can be enhanced even at low ligand concentrations by, for example, increasing the local ligand concentration near the receptor (19 -21) .
It has been found previously that augmentation of A␤ aggregation critically depended on the sulfate moieties in the glycosaminoglycan chains of proteoglycans. Because inorganic sulfate ions did not affect A␤ aggregation, it was concluded that the linear organization of the sulfated glycosaminoglycans were of essence particularly for binding to early A␤ fibrils (12) . We have proposed that a minimum length of the sulfated HS side chains is a prerequisite for A␤ fibril formation in vivo (22) .
HSPGs can be modified by proteolytic cleavage of the core protein and fragmentation of the HS side chains by the endo-␤-D-glucuronidase heparanase. The continuous modifications of HSPGs likely provide a mechanism by which cells are able to rapidly respond to a changing extracellular environment (23) . By altering HSPGs on the cell surface (24) , heparanase presumably regulates the cellular response to external stimuli. We have shown previously that heparanase-overexpressing mice were resistant to experimentally induced serum amyloid A amyloidosis because of shortening of the HS side chains by heparanase (22) .
Our recent study showed that overexpression of heparanase delayed clearance of A␤ fibrils when these were injected into the brain (15) . In this work, we asked whether in vivo overexpression of heparanase affects de novo deposition of A␤. To investigate this non-invasively, we crossed heparanase-overexpressing mice (denoted tgHpa in this work) with transgenic mice overexpressing human A␤PP harboring only the Swedish mutation (tgSwe) (25, 26) . We examined A␤ deposition in the brains of these double-transgenic tgHpa*Swe mice and singletransgenic tgSwe mice. Our results show that heparanase overexpression was associated with a lowered cerebral A␤ and amyloid burden, proposing that codeposition of HS with A␤ is of relevance to AD pathogenesis. The effect is not likely to be a result of altered A␤PP processing but is instead caused by attenuated A␤ aggregation processes because of fragmentation of the HS side chains of HSPGs by heparanase.
EXPERIMENTAL PROCEDURES

Animals
The genotype and phenotypes of a homozygous mouse strain overexpressing human heparanase under a ␤-actin promoter (tgHpa) have been described previously (15) . A␤PP-transgenic mice harboring only the Swedish double mutation (K670N/ M671L (27) ), the tgSwe model, is a relatively mild model of amyloidosis with onset of plaque deposition at around 12 months of age (25, 26) . The animals used for this study, singletransgenic tgSwe and double-transgenic tgHpa*Swe mice, were all bred on a pure C57BL/6J background. Experimental groups were matched for age and sex. Animals were housed with free access to food and water in a controlled environment at the animal facility of the Biomedical Center, Uppsala University, Sweden. All experiments were performed under local ethics regulations for animal welfare (Ethical Permit C239/11).
While under deep anesthesia (0.4 ml tribromoethanol (Avertin), 25 mg/ml), mice were transcardially perfused with PBS before decapitation. One brain hemisphere was quickly frozen and stored at Ϫ80°C until use for biochemical analyses. The other hemisphere was fixed in 4% paraformaldehyde overnight (ON) at 4°C. Fixed brain hemispheres were subsequently cryoprotected via sequential immersion in 10%, 20%, and 30% (w/v) sucrose each for 24 h at 4°C. Coronal sections (20 m) were prepared from the fixed and cryoprotected tissue with a sledge microtome (American Optical) and stored at 4°C in PBS with 10 mM sodium azide for later histological analyses.
For quantification of the A␤ and amyloid plaque burden as well as CAA, HS, and heparanase expression studies, 15-month-old tgSwe (n ϭ 17) and tgHpa*Swe (n ϭ 17) mice of both genders were used. For metabolic analyses of A␤PP processing with Western blot analyses and A␤ ELISAs, 2-to 3-month-old mice of both genders were used (in total, eight tgSwe and 12 tgHpa*Swe mice).
Immunohistochemistry
Coronal sections of brains were fixed on Superfrost Plus glass slides (catalog no. 631-9483, VWR, Radnor, PA) before staining. For immunohistochemistry (IHC) of the A␤ burden, the tissue slides were incubated in prewarmed 25 mM citrate buffer (pH 7.3) for 5 min at 82°C. IHC tissue slides incubated later with A␤ x-40 and A␤ x-42 antibodies (7) were immersed in 70% formic acid for 5 min at room temperature. The slides were blocked with serum-free Dako block (catalog no. X0909, Dako, Glostrup, Denmark) in PBS with 0.3% H 2 O 2 and incubated ON at 4°C with primary antibody (0.64 g/ml polyclonal rabbit anti-A␤ x-40 or 0.5 g/ml polyclonal rabbit anti-A␤ x-42 , both diluted in PBS with 0.1% Tween 20 (PBS-T)). The tissue slides were subsequently incubated for 30 min at room temperature with 5 g/ml biotinylated anti-rabbit IgG (catalog no. BA-1000; Vector Laboratories, Inc., Burlingame, CA) in PBS-T. Streptavidin HRP (catalog no. 3310-9, Mabtech, Nacka Strand, Sweden) and NOVA-red (catalog no. SK-4800, Vector Laboratories) were used for visualization. The same protocol was used for staining with anti-HS antibody 10E4 (0.5 g/ml, catalog no. H1890, USBiological, Salem, MA).
The polyclonal rabbit antibodies anti-8 (0.3 g/ml) (28) or 63 (0.05 g/ml) were used for immunohistochemical staining of heparanase overexpression in the brain. The same protocol was followed as above, but there was no pretreatment with citrate buffer and formic acid. diluent in PBS-T. Subsequently, the slides were incubated for 8 min at room temperature with 5 g/ml biotinylated anti-mouse IgG (catalog no. BA-9200, Vector Laboratories) diluted in M.O.M. diluent in PBS-T. Streptavidin-HRP (catalog no. 3310-9, Mabtech) and NOVA-red (catalog no. SK-4800, Vector Laboratories) were used for visualization.
Immunofluorescence
To determine which cells overexpress heparanase, multiple fluorescence stainings were performed. Coronal sections of brains were fixed on Superfrost Plus glass slides (catalog no. 631-9483; VWR) before staining.
Heparanase and Astrocytes-For triple fluorescence with polyclonal rabbit anti-heparanase anti-8 antibody, monoclonal mouse anti-glial fibrillary acidic protein (anti-GFAP) antibody (catalog no. MAB11287, Abnova, Taipei City, Taiwan) and Methoxy-04 amyloid stain, the tissue slides were blocked with serum-free Dako Block (catalog no. X0909, Dako) in PBS with 0.3% H 2 O 2 , M.O.M. mouse Ig blocking reagent, and M.O.M. protein concentrate (catalog no. MKB-2202, Vector Laboratories). The slides were incubated ON at 4°C with a mixture of the primary antibodies (0.57 g/ml anti-GFAP and 1 g/ml antiheparanase anti-8) diluted in M.O.M. diluent with PBS-T. Subsequently, the slides were incubated with a mixture of the secondary antibodies (2 g/ml highly cross-adsorbed goat antimouse Alexa Fluor 594 (catalog no. A-11032, Invitrogen) and 2 g/ml goat anti-rabbit Alexa Fluor 488 (catalog no. A-11008, Invitrogen), both diluted in M.O.M. diluent with PBS-T) for 15 min at room temperature in the dark. Tissue slides were treated for 30 min with 10 g/ml Methoxy-04 at room temperature before being quickly dipped in 70% ethanol and mounted with Slowfade Gold antifade reagent (catalog no. S36937, Molecular Probes, Thermo Scientific, Waltham, MA).
Heparanase and Neurons-Double fluorescence with 1 g/ml anti-heparanase anti-8 antibody and 1 g/ml monoclonal mouse anti-neuronal nuclei antibody (catalog no. MAB377, Merck Millipore) was performed likewise.
Heparanase and Microglia-Triple fluorescence was performed with polyclonal rabbit anti-heparanase 63 antibody (0.2 g/ml), 10 g/ml Methoxy-04 dye, and either 3 g/ml DyLight 488 tomato lectin (catalog no. DL-1174, Vector Laboratories) or 0.5 g/ml goat anti-microglia Iba1 antibody (catalog no. ab5076, Abcam, Cambridge, UK). The experimental procedure was otherwise equal to the other IHC stainings. 2 g/ml donkey anti-rabbit Alexa Fluor 594 (catalog no. A-21207, Invitrogen) was used for detecting the anti-heparanase antibody, whereas 2 g/ml donkey anti-goat Alexa Fluor 488 (catalog no. A-11055, Invitrogen) was used for detecting Iba1.
For investigating colocalization of HS with A␤ x-42 , IHC was performed with 1 g/ml monoclonal mouse anti-HS 10E4 antibody (catalog no. H1890, USBiological) and 0.5 g/ml polyclonal rabbit anti-A␤ x-42 antibody, both diluted in M.O.M. diluent with PBS-T. As secondary antibodies, 2 g/ml goat anti-mouse Alexa Fluor 594 (A-11032, Invitrogen) and 2 g/ml goat anti-rabbit Alexa Fluor 488 (catalog no. A-11034, Invitrogen) were used. Otherwise, the method was the same as for the other immunofluorescence procedures.
Congo Red
Coronal sections of brains were fixed on Superfrost Plus glass slides (catalog no. 631-9483, VWR) before staining. For Congo red staining of the amyloid burden, tissue slides were immersed for 5 min in saturated alcoholic sodium chloride solution (4% (w/v) NaCl in 80% ethanol) and subsequently for 30 min in 1% (w/v) Congo red (catalog no. C6277, Sigma-Aldrich, St. Louis, MO) in saturated alcoholic sodium chloride solution before being washed, dehydrated, and mounted with cover slides.
Quantification of Cerebral Amyloidosis and HS
All IHC and Congo red-stained sections were visualized and photographed using Olympus BX53 fitted with an Olympus DP73 digital camera. Image-Pro Plus 7.0 software (Media Cybernetics) was used for quantification of the A␤ and amyloid plaque burden as well as CAA in the cerebral cortex. The investigator was blinded to the identity of the mouse brains. A constant threshold was maintained across images from the same staining to ensure comparability between tissue slides. For quantification of A␤ x-40 , A␤ x-42 , and amyloid burden, multiple sections (n ϭ 3-4) from each animal were analyzed, and internal standards were used to lower experimental variability between individual glass slides. For measuring HS-immunoreactive intensity, sections from all mice were stained together, and the optical density (OD) of HS in amyloid deposits from two sections from each animal was measured with a constant threshold using Image-Pro Plus 7.0.
Mouse Brain Homogenization
Brains were extracted sequentially, resulting in a Tween 20 fraction and an SDS fraction to ensure that both A␤PP and A␤ were present in the extracts and to largely separate soluble A␤PP fragments from membrane-bound A␤PP. In short, brains were homogenized manually with a Potter-Elvehjem 10 ml homogenizer (catalog no. 432-5015, VWR) in 0.2% Tween 20 in TBS with complete mini protease inhibitor mixture (catalog no. 04-693-116-001, Roche) before the homogenate was centrifuged at 100,000 ϫ g using a Beckman Optima LE-80K ultracentrifuge with a Sw-60Ti rotor. The supernatant Tween fraction was stored at Ϫ80°C until further use. The pellet was resuspended in 1% (w/v) SDS with complete mini protease inhibitor and again homogenized. The homogenate was centrifuged at 100,000 ϫ g, and the supernatant, after SDS extraction, was stored at Ϫ80°C until further use.
Characterization of HS from Mouse Brain
Two 2-month-old tgSwe and tgHpa*Swe mice were given an intraperitoneal injection with 100 mCi of Na 35 SO 4 (catalog no. NEX041H, PerkinElmer Life Sciences). After 1 h, the mice were sacrificed, and the brains dissected as described previously. Following homogenization, the brain lysates were incubated ON at 55°C with 0.5 mg of protease in 0.5 ml of buffer (50 mM Tris-HCl (pH 8.0), 1 mM CaCl 2 , and 1% Triton X-100).
Subsequently, the samples were heated at 95°C for 5 min to inactivate the protease, and benzonase (12.5 units) was added to degrade DNA. After 10 min of centrifugation at 8000 ϫ g, the resulting supernatants were applied to a DEAE Sephacel col- FEBRUARY 20, 2015 • VOLUME 290 • NUMBER 8 JOURNAL OF BIOLOGICAL CHEMISTRY 5055 umn (catalog no. 17-0500-01, GE Healthcare) pre-equilibrated with an equilibration buffer (50 mM Tris-HCl (pH 7.4) and 0.15 M NaCl). The columns were then washed serially with equilibration buffer, followed by a washing buffer (50 mM NaAc (pH 4.5) and 0.25 M NaCl), and, finally, with an elution buffer (50 mM NaAc (pH 4.5) and 2 M NaCl). The eluates were desalted on a PD-10 column (catalog no. 17-0851-01, GE Healthcare) in 10% ethanol and then lyophilized. The yielded products were treated with chondroitinase ABC (catalog no. 100330, Serkagaku) and reapplied to the DEAE Sephacel column to remove degraded chondroitin sulfate and then desalted on a PD-10 column. For HS size determination, the purified HS products were applied on a Superose 12 column (catalog no. 17-5173-01, GE Healthcare) connected to a HPLC system.
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ELISA
For quantification of A␤ x-40 and A␤ x-42 , 96-well Maxisorp plates (catalog no. 442404, Nunc, Thermo Scientific) were used for ELISAs and coated ON at 4°C on a shaker with a monoclonal capturing antibody that recognizes A␤ 3-8 (1C3, 150 ng/well (29) ). The plates were blocked with 1% BSA for 1 h at 37°C on a shaker. Tween and SDS extracts from brains from 2-to 3-month-old mice were mixed 1:1 and diluted 1:30 in 0.1% BSA for the A␤ x-40 ELISA and 1:40 in 0.1% BSA for the A␤ x-42 ELISA. Extracts were incubated on the plates for 2 h at room temperature on shaker. Biotinylated polyclonal rabbit anti-A␤ x-42 or anti-A␤ x-40 detection antibody was incubated at a final concentration of 0.32 g/ml or 0.66 g/ml, respectively, for 1 h at room temperature on shaker before being detected with a 1:2000 dilution of streptavidin HRP (catalog no. 3310-9, Mabtech) for 30 min at room temperature on a shaker. A standard curve was made using either A␤ or A␤ 1-42 peptide (catalog nos. 62-0-78B and 62-0-80B, respectively; American Peptide Co., Sunnyvale, CA) and the capturing and detecting antibodies mentioned previously. The ELISA was visualized using K-blue aqueous substrate (catalog no. 331177, Neogen, Lansing, MI), and the enzymatic reaction was terminated after 12 min with 1 M H 2 SO 4 . Optical density was measured at 450 nm using a SpectraMax 190 plate reader (Molecular Devices, Sunnyvale, CA).
Western Blots
For semiquantification of levels of cerebral soluble ␤-cleaved A␤PP (sA␤PP␤) and heparanase expression, protein samples (Ϸ40 g of protein/well) from Tween 20 extracts of the cerebral cortices from 2-to 3-month-old mice were separated on 10% SDS-PAGE gels and transferred onto PVDF Immobilon-P membranes (catalog no. IPVH00010, Merck Millipore) by electrophoresis. Membranes were blocked for 1 h with 5% nonfat dry milk in 50 mM TBS (pH 7.4) with 0.05% Tween 20 and incubated ON at 4°C with the appropriate primary antibody. Anti-sA␤PP␤ antibody (sw192 at 0.1 g/ml, neoepitope-specific for ␤-cleaved sA␤PP-Swe (30)) was used for detecting ␤-secretase activity. The anti-heparanase antibodies 1453 and 733 (1 g/ml) were used for detection of heparanase overexpression. The 1453 antibody binds to both latent (65 kDa) and active (50 kDa) heparanase, whereas the 733 antibody only binds to the 50-kDa band (31) . Both antibodies detect human and mouse heparanase. Signals were developed with Super-Signal Dura substrate (catalog no. 34075, Thermo Scientific) and captured by the Chemidoc TM MP system (catalog no. 170-8280, Bio-Rad). Images of blots were analyzed using ImageJ version 1.46 (http://rsb.info.nih.gov/ij/index.html).
A␤ 1-42 Monomer Preparation
An A␤ 1-42 monomer solution (catalog no. 62-0-80B, American Peptide Co.) was prepared by dissolving the provided powder in 10 mM freshly prepared, cold NaOH. A␤ was kept cold at all times to avoid uncontrolled and unwanted aggregation. The 100 M A␤ 1-42 solution was centrifuged at 16,000 ϫ g for 5 min at 4°C to separate possible aggregates, and the supernatant was aliquoted and frozen at Ϫ80°C until further use. Low-binding pipette tips (Axygen Maxymum Recovery; catalog nos. 613-0458, 613-0450, and 613-0439; VWR) and Eppendorf tubes (Protein LoBind, catalog nos. 525-0132 and 525-0133, VWR) were used at all times to avoid binding of A␤ to plastic surfaces.
Thioflavin T Aggregation Assay
We performed an in vitro Thioflavin T assay to investigate the effect of the HS-like molecule heparin on A␤ 1-42 aggregation. Thioflavin T aggregation assays in the absence of A␤ 1-42 served as negative control experiments. Each sample was analyzed in quadruplicates. A 96-well non-binding fluorescence immunoassay microplate (catalog no. 655900, Greiner Bio-One, Frickenhausen, Germany), low-binding pipette tips (Axygen Maxymum Recovery, VWR), and Eppendorf tubes (Protein LoBind, VWR) were used when handling A␤ 1-42 to avoid unspecific binding. A Thioflavin T (catalog no. T3516, Sigma-Aldrich) solution was freshly prepared to ensure full fluorescent capacity. Thioflavin T powder was dissolved in special PBS with less saline (137 mM NaCl, 2.7 mM KCl, 100 mM Na 2 HPO 4 ϫ 2 H 2 O and 20 mM KH 2 PO 4 ) to avoid the inhibitory effect of saline on the aggregation process. A␤ 1-42 was thawed on ice and centrifuged for 15 min in a precooled 4°C centrifuge to remove unwanted aggregates. A final concentration of 0.3 M Thioflavin T in special 1ϫ PBS and 10 M A␤ 1-42 was used. A final concentration of 100 M heparin (a gift from Shenzhen HepaLink Pharmaceuticals, China) was added to the appropriate wells 4 h after A␤ 1-42 (when the Thioflavin T signal from A␤ 1-42 aggregation was 100% above background). Aggregation was allowed to proceed at room temperature on a shaker, and progress was measured at time 0 and onwards with an EnVision2104 multilabel reader (catalog no. 2104-0010, PerkinElmer Life Sciences) with excitation at 442 nm (cyan fluorescent protein 430/24 filter, catalog no. 2100-5840, PerkinElmer Life Sciences) and emission at 482 (cyan fluorescent protein 470/24 filter, catalog no. 2100-5850, PerkinElmer Life Sciences).
Statistics
For comparing the A␤ and amyloid burden and CAA from histological staining, a non-parametric Mann-Whitney test was used. A Mann-Whitney test was also used for comparing A␤ levels in young mice with ELISA, whereas an unpaired Student's t test was used for comparing sA␤PP␤ Western blot results, HS-immunoreactivity, and Thioflavin T data. Results from nonparametric data are presented as median (interquartile range), whereas data from normally distributed data are presented as mean Ϯ S.E. All given p values are two-tailed.
RESULTS
Overexpression of Heparanase in Neurons and Astrocytes in
Double-transgenic Mice-IHC with an anti-heparanase antibody (63) raised against the whole 65-kDa heparanase gave a strong cell-specific staining in tgHpa*Swe mice, but not in tgSwe mice (Fig. 1, A and B) . Particularly pyramidal neurons in the hippocampus and cerebral cortex showed high heparanase expression ( Fig. 1, D and E) . Western blotting with the antiheparanase antibody 1453 confirmed the expression of both the latent (65-kDa) and the active (50-kDa) forms of heparanase in tgHpa*Swe mouse brain compared with tgSwe and tgHpa knockout mouse brains. This was further confirmed by using another anti-heparanase antibody detecting only the active form of heparanase (733) (Fig. 1C) . Endogenous murine heparanase expression in tgSwe mice was below the level of detection of this method. The effect of overexpressed heparanase in tgHpa*Swe mice is demonstrated by size analysis of HS. Gel chromatography analysis of 35 S-labeled HS isolated from whole brain shows increased smaller HS fragments from young tgHpa*Swe mice compared with young tgSwe mice (Fig. 1F ).
The limited reduction in HS chain length is presumably due to anatomically restricted expression in some brain areas. On this note, the reduction in HS chain length in the cortex and hippocampus is expected to be more pronounced because of a higher expression level of heparanase in these regions (Fig. 1, A  and B) .
To verify the specific cellular localization of heparanase overexpression in the brains of our double-transgenic tgHpa*Swe mice, we performed immunofluorescence with an anti-heparanase antibody specific for the C-terminal of the 8-kDa heparanase subunit (28) combined with an anti-neuronal nuclei antibody. Heparanase was found expressed in neurons of tgHpa*Swe mice (Fig. 2, D-L) . No immunostaining above background was observed in single-transgenic tgSwe mice (Fig. 2 , A-C).
To further investigate expression, we also performed immunofluorescence with anti-heparanase and anti-GFAP antibodies together with a fluorescent amyloid dye, Methoxy-04. There was some colocalization of GFAP and heparanase in tgHpa*Swe mice, showing that heparanase is overexpressed in some astrocytes ( Fig. 3, E-H) ; all of the protoplasmic type. In contrast, GFAP-positive astrocytes in tgSwe mice did not show heparanase-specific staining (Fig. 3, A-D) . We did not find evidence of FIGURE 1. Heparanase expression and HS fragment analysis in the transgenic mouse brain. Immunohistochemistry with the anti-heparanase antibody 63 in tgHpa*Swe and tgSwe mice revealed overexpression of heparanase in tgHpa*Swe mice, particularly in the pyramidal cell layer of the hippocampus but also diffusely in gray matter (A). Only a faint, nonspecific stain is seen in tgSwe brain (B). Higher magnification images of the tgHpa*Swe brain show neuronal staining in the CA3 region of the hippocampus (D) and in the lower lamina in the cerebral cortex (E). Western blot analysis with the anti-heparanase antibody 733 detected active heparanase (50 kDa), whereas antibody 1453 detected both latent (65-kDa) and active heparanase in whole brain lysates of tgHpa*Swe mice (C). Endogenous mouse heparanase in tgSwe mice was below the detection level. The sizes of metabolically 35 S-labeled HS isolated from whole brains of 2-month-old tgSwe and tgHpa*Swe mice were analyzed by gel chromatography (F). The TgHpa*Swe mouse brain contained fewer long HS fragments and more short HS fragments than the tgSwe mouse brain, indicating that heparanase overexpression led to degradation of HS in vivo. Hep, the elution position of heparin (around 14 kDa); TgHpa KO, brain from heparanase knockout mouse. Scale bars ϭ 1 mm (A and B) and 100 m (D and E). FEBRUARY 20, 2015 • VOLUME 290 • NUMBER 8
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colocalization between heparanase and markers for microglia or oligodendrocytes.
Heparanase Overexpression in tgHpa*Swe Mice Reduces the A␤ Burden and Heparan Sulfate in Amyloid Plaques-HS and HSPGs are found in senile plaques of both human AD and A␤PP-transgenic mouse brains (3, 7) , but their pathogenic roles remain unclear. To investigate the involvement of HS in A␤ plaque formation, 15-month-old tgSwe and tgHpa*Swe mice were sacrificed for examination of the A␤ burden in the brain. For immunohistochemical staining of brain sections, we used an anti-A␤ x-40 antibody that detects all cored plaques and vas-cular deposits and an anti-A␤ x-42 antibody that recognizes cored and diffuse plaques (7) .
Semiadjacent IHC tissue sections were stained simultaneously with anti-A␤ x-42 and an anti-HS antibody, 10E4, to examine the localization of HS in pathological lesions. HS was found localized with amyloid cores in some A␤ deposits (Fig. 4, A-L) . Furthermore, we measured the OD of amyloid-associated HS in both groups of mice (Fig. 4, M and N) . Lower HS immunoreactivity was found in tgHpa*Swe mice (mean Ϯ S.E., OD 0.54 (0.03), n ϭ 17) than tgSwe mice (OD 0.33 (0.02), n ϭ 17), indicating that there is less HS associated in amyloid plaques in heparanase-overexpressing mice (p Ͻ 0.0001, Fig. 4O ). We also found a significant correlation between the OD of HS immunoreactivity in senile plaques and cortical A␤ x-42 burden (p ϭ 0.02, Fig. 4P ).
The area fraction of the A␤ burden in the cerebral cortex from IHC sections was also measured with quantitative image analysis. The results show a significantly lower A␤ x-40 burden in tgHpa*Swe mice (median (interquartile range), 1.19% (1.32) (n ϭ 17)) compared with tgSwe mice (1.99% (1.80) (n ϭ 17); p ϭ 0.021; Fig. 5, A-C) . The A␤ 42 -burden was also significantly lower in tgHpa*Swe mice (1.34% (1.00) (n ϭ 17)) compared with tgSwe mice (1.94% (1.94) (n ϭ 17); p ϭ 0.039; Fig. 5, D-F) .
Lower Parenchymal and Cerebrovascular Amyloid Burden in Double-transgenic Mice-HS and HSPGs preferentially colocalize with the amyloid core of mature plaques, a small region at the center of most A␤ deposits in both the AD brain and A␤PP transgenic models (3) (4) (5) (6) (7) . To further characterize the A␤ plaques, we stained adjacent sections of the mouse brains with Congo red fluorescent dye, which detects only the amyloid core of mature plaques. Positive staining was detected in both groups of 15-month-old single-and double-transgenic mice. Quantification revealed a significantly lower Congo red-positive amyloid burden in tgHpa*Swe mice compared with tgSwe mice (median (interquartile range), 0.31% (0.23) (n ϭ 17) versus 0.62% (0.32) (n ϭ 17); p ϭ 0.0003; Fig. 6B ).
We also specifically analyzed and compared congophilic CAA in the cerebral cortex. Significantly less CAA was found in tgHpa*Swe mice compared with tgSwe transgenic mice (mean Ϯ S.E., 344 arbitrary units (55) (n ϭ 17) versus 539 arbitrary units (63) (n ϭ 17); p ϭ 0.025; Fig. 6C ). However, we found no significant difference in the relative amount in the percentage of CAA to total amyloid staining in cerebral cortex between the two groups of mice (mean Ϯ S.E., 38 % (5.6) (n ϭ 17) versus 31% (5.3) (n ϭ 17); p ϭ 0.32; Fig. 6D ).
Heparanase Overexpression Did Not Affect A␤ and sA␤PP␤ Levels in the Brains of Young A␤PP Mice-Next we investigated whether innate changes in A␤PP production or processing were the cause of the lower A␤ and amyloid deposition seen in double-transgenic mice. Therefore, we quantified the levels of A␤ x-40 and A␤ x-42 in whole brains from 2-to 3-month-old tgSwe and tgHpa*Swe mice by ELISAs. We used a 1:1 mix of Tween and SDS extracts to obtain both intracellular and extracellular A␤. There was essentially no difference between tgSwe and tgHpa*Swe mice at this age for A␤ x-40 (median (interquartile range), 7.63 (4.44) pmol/g (n ϭ 8) versus 6.47 (3.92) pmol/g (n ϭ 12); p ϭ 0.46; Fig. 7A) , A␤ x-42 (4.53 (0.96) pmol/g (n ϭ 8) versus 4.78 (1.28) pmol/g; p ϭ 0.97; Fig. 7B ), or the A␤ x-42 / A␤ x-40 ratio (0.56 (0.43) pmol/g (n ϭ 8) versus 0.73 (0.38) pmol/g (n ϭ 12); p ϭ 0.46; Fig. 7C ).
Because HS has been reported to directly interact with ␤-secretase and, thereby, regulate A␤PP processing (11), we also analyzed the major product of this enzymatic activity, sA␤PP␤, by Western blot analysis with Tween extracts of the brain tissues. Again, there was no difference in the steady-state levels of sA␤PP␤ between the two groups (mean Ϯ S.E., 100.0 (7.8) for tgSwe mice (n ϭ 8) versus 98.2 (9.4) for tgHpa*Swe mice (n ϭ 12); Fig. 7, D and E) .
Heparin Increases A␤ Aggregation in Vitro-Finally, we examined whether heparin, an HS-like molecule, would affect A␤ aggregation in an in vitro system. Heparin was added to A␤ 1-42 in a Thioflavin T aggregation assay when A␤ 1-42 had started to aggregate, but far before log phase. The Thioflavin T signal reflects A␤ fibril formation. We found that 100 M heparin added after 4 h significantly increased A␤ 1-42 aggregation (16% higher in presence of heparin at 25 h, p ϭ 0.008, Fig. 8A ). The effect remained at 50 h (15%, p ϭ 0.018, Fig. 8A ). In the absence of A␤ 1-42 , heparin did not alter the Thioflavin T signal with time (Fig. 8B) . The experiment was repeated twice with quadruplicates.
DISCUSSION
HS/HSPGs have been found colocalized with A␤ plaques and CAA in the brain of AD patients and mouse models overexpressing human mutant A␤PP (3-6). However, the cause and effect of this codeposition remains unclear. To understand whether HS and HSPGs are active participators of A␤ pathogenesis or simply adhere to and colocalize with A␤ in amyloid plaques, we generated a double-transgenic mouse model overexpressing both human heparanase and human A␤PP harboring the Swedish mutation (tgHpa*Swe) by crossing the tgHpa (15) and tgSwe (25, 26) mice. We found that the double-transgenic mice showed overexpression of heparanase in the brain and produced shorter HS fragments. Because heparanase is pri-marily expressed in the cortex and hippocampus, whereas the HS was isolated from the whole brain, it was anticipated that the HS expressed in the cortex and hippocampus of tgHpa*Swe mice would give a more pronounced reduction in HS chain length. Unfortunately, it is not possible to get a sufficient amount of HS from the subregions of mouse brain because of the limitations of the technique.
The tgSwe mice have been demonstrated to spontaneously develop A␤ plaques in the brain in an age-dependent manner ) . A negative control for HS was performed by staining with A␤ x-42 antibody and both secondary antibodies but excluding the primary anti-HS antibody (K and L). Plaque-associated IHC staining of HS from representative mice (M and N) and quantification of the OD of HS staining in plaques showed that double-transgenic tgHpa*Swe mice had significantly weaker HS immunoreactively stained plaques than tgSwe mice (O) (p Ͻ 0.0001). This indicates that plaque-associated HS is reduced quantitatively and/or more fragmented in tgHpa*Swe brain compared with tgSwe brain. The optical density of HS staining correlated well with the A␤ x-42 burden in the cerebral cortex (P) (p ϭ 0.02), particularly among tgSwe mice. Quantitative image analysis showed that total cortical amyloid (CAA plus plaque area) (B) as well as the CAA burden (C) was lower in double-transgenic tgHpa*Swe mice (n ϭ 17) than in single-transgenic tgSwe mice (n ϭ 17). The percentage of CAA of the total amyloid burden in the cerebral cortex showed no difference between single-and double-transgenic mice (D). Lines indicate medians with interquartile range. (25, 26) . The unique double-transgenic model, tgHpa*Swe, allowed us to directly and non-invasively assess the possible pathophysiological roles of HS in endogenous A␤ deposition. We found that heparanase is overexpressed in neurons and astrocytes in tgHpa*Swe mice but not in oligodendrocytes or microglia. Histological examinations revealed colocalization of HS with amyloid plaques in both groups. The OD of HS-immunoreactive amyloid deposits was reduced significantly in 15-month-old tgHpa*Swe mice compared with age-matched tgSwe mice. This indicates that a lower amount of HS or more fragmented HS is being incorporated in plaques of tgHpa*Swe mice. A lower A␤ 40 , A␤ 42 , and amyloid burden was found in the cerebral cortex of 15-month-old tgHpa*Swe mice compared with age-matched tgSwe mice, showing that overexpression of heparanase affects A␤ and amyloid deposition in tgSwe mice.
It has been reported previously that heparin and HS decrease ␤-secretase activity in vitro by binding to the active site of the enzyme (11) . It has also been found that glycosaminoglycans decreased A␤ secretion in primary cortical cell cultures, possibly by affecting both ␣and ␤-secretase pathways (9). In contrast, others showed that heparin increased ␤-secretase activity in a neuroblastoma cell line (10) . Therefore, HS may affect ␤-secretase activity in the brain, thereby influencing the production of A␤ fragments. In our in vivo study, however, no differences were found in the steady-state levels of A␤ x-40 , A␤ x-42, or sA␤PP␤, as measured by ELISAs and Western blot analyses between young single-and double-transgenic mice, indicating that A␤PP processing was not affected by heparanase overexpression. Consequently, the reduced amyloid pathology in aged double-transgenic mice is most likely due to obstructed HS-induced A␤ aggregation and deposition. Heparin, an HS-like molecule, was added to aggregating A␤ 1-42 when the Thioflavin T signal had risen 100% above baseline. The experiment was repeated twice, both times with quadruplicates. Heparin significantly increased A␤ 1-42 aggregation, and the effect was statistically significant at 25 h (p ϭ 0.008) and remained until assay termination at 50 h (p ϭ 0.018) (A). In the absence of A␤ 1-42 , heparin did not affect the Thioflavin T signal (B). Error bars represent means Ϯ S.E.
In vitro studies have shown that heparin and HS promote A␤ aggregation (12, 13) , indicating that HS interaction with A␤ may lead to the codeposition observed in human AD brain and mouse models. This effect of HS-induced A␤ aggregation depends on the chain length and degree of sulfation of the HS side chains (17) . Heparanase overexpression shortens the HS side chains of HSPGs in tgHpa*Swe mice and, thereby, likely alters the interaction between A␤ and HS so that A␤ fibril formation is disfavored. Stronger HS staining of amyloid plaques in single-transgenic tgSwe mice devoid of human heparanase and a positive correlation with A␤ x-42 burden reinforce the view that HS plays an active role in the amyloidogenic process. The observed data support the hypothesis that HSPGs effectively serve to seed extracellular amyloid deposits in vivo. This hypothesis was strengthened by our in vitro experiments in which the HS-like molecule heparin significantly increased A␤ fibril formation in a Thioflavin T assay. In our tgHpa*Swe mice, the lower amyloid pathology is, therefore, likely caused by a less favorable condition for A␤ aggregation. Using Congo red fluorescent dye, we also found less CAA in heparanase-overexpressing mice, a reduction well reflecting the lower parenchymal amyloid burden.
In conclusion, using a unique double-transgenic mouse model, this study clearly shows that HSPGs are actively involved in A␤ deposition in the murine brain because fragmentation of the HS side chains and a lower HS presence in amyloid plaques was associated with less A␤ deposition in heparanase-overexpressing A␤PP transgenic mice. The levels of the ␤-secretase-specific products sA␤PP␤ and A␤ were not affected in young double-transgenic, heparanase-overexpressing tgHpa*Swe mice compared with single-transgenic tgSwe mice, indicating that the effect of heparanase overexpression on amyloid burden was not caused by altered A␤PP processing. Our results do not exclude that HS, in other circumstances, could affect ␤-secretase activity, as found in vitro by others (9 -11) . Still, the lower amyloid burden in heparanase-overexpressing mice is likely caused by reduced A␤ aggregation.
Two-photon laser-scanning intravital microscopy (32) or seeding experiments (33) are needed to provide final in vivo proof that the aggregation process is indeed impaired in tgHpa*Swe mice. We regard such experiments to be the subject for separate studies. We do not rule out that additional factors, like differential immune response and HS fragment-mediated A␤ clearance along the perivascular lymphatic drainage pathway (15, 34, 35) , also influence parenchymal and cerebrovascular A␤ deposition in double-transgenic mice.
